The short-distance behavior of multiquark wavefunctions can be systematically computed in perturbative &CD. In this paper we analyze the wavefunction of a four-quark color-singlet bound state in SU(2)c as an analogue to the six-quark problem in QCD. We first solve the QCD evolution equation for the multi-quark distribution amplitude at short distances in the basis of completely antisymmetrized quark representations. The eigensolutions of the evolution kernel correspond to a spectrum of candidate states of the relativistic multi-quark system. We then connect the four-quark antisymmetric representations and the eigensolutions to the physical two-cluster basis of SU(2)c dibaryon (NN, NA, AA) and hidden color (CC) components and derive constraints on the effective nuclear potential between two clusters. We also find anomalous states in the spectrum which cannot exist without substantial hidden-color degrees of freedom.
INTRODUCTION
Among the key goals in the application of quantum chromodynamics (QCD) to nuclear physics are to predict the bound-state spectrum of relativistic multiquark color-singlet systems and to identify the role of non-nucleonic degrees of freedom in a nucleus. Recently, we presented a general method for solving the QCD evolution equations for distribution amplitudes, the equations which determine the behavior of hadron wavefunctions at short distances. An important simplification of the analysis is to choose as a basis of the evolution kernel the set of antisymmetrized multi-quark representations. Since the evolution equation is relativistic and obeys all the conservation laws and symmetries of the full QCD Lagrangian, its set of eigensolutions should correspond closely to the structure of the true spectrum. Applications of the method to the baryon system have been presented in Ref. 1. In this paper, we analyze the structure of the spectrum and the short-distance behavior of the four-quark system in SU(2)c as a first attempt in analyzing actual multiquark color-singlet bound states in &CD. Even though this is a toy model, the results have a number of interesting implications for the realistic dibaryon system.
An outline of the method is as follows: we first construct the set of completely antisymmetric four-quark representations as a basis for diagonalizing the QCD evolution kernel. After diagonalizing the mixing matrices, we find the eigenvalues and the eigensolutions of the four-quark evolution equation. The eigenvalues are the anomalous dimensions of the distribution amplitudes which describe the short distance behavior of the system. The eigensolutions correspond to candidate four-quark states for the spectrum of the full SU(2)c Hamiltonian.
A relativistic color-singlet bound state in QCD has a consistent Fock representation at equal time on the light cone in A+ gauge. The lowest Fock amplitude is referred to as the valence wavefunction. In the evolution equation formalism,2 the valence wavefunction is represented by the distribution amplitude 4(~i,Q), the amplitude for the valence quanta to each carry light-cone longitudinal momentum fraction collinear in relative transverse momenta up to the scale Q. Physically, r$(xi, Q) at large Q2 probes the short-distance behavior of the quark system, in the regime where all the constituents are within a transverse distance l/Q of each other. In general, the logarithmic Q2 dependence for 4(xi, Q) is predicted by QCD from the anomalous dimensions (eigenvalues) of the evolution equation.
The four-quark eigensolutions can be expanded on the physical basis of effective clusters, the analogs of the NN, AA, NA, and CC states in &CD. By analyzing the behavior of 4(xi, Q) at large Q2, we can predict the effective potential between two clusters. For example, we find that one of the hidden color states has a large projection on the eigensolution with leading anomalous dimension (dominant at short distances), whereas the states analogous to NN and AA in QCD have an almost negligible leading component. This implies that the effective potential tends to be repulsive between color-singlet clusters and attractive between colored clusters at short distance.
We also find two other types of four-quark states in SU(2) color which cannot be identified with dibaryon degrees of freedom. One of these states has equal NN, AA and CC components. The other state is an anomalous hidden-color two-cluster system orthogonal to the usual hidden-color state which has the unusual feature that it has very small projection on the eigensolutions which dominate at short distance; i.e the effective potential between the colorful clusters of the anomalous hidden color state tends to be repulsive. We speculate that the analogous anomalous states in QCD could be quasi-stable non-nucleonic nuclear systems, possibly related to the anomalous phenomena apparently observed in nuclear collisions.3s4 These results also give some support to the conjecture that multiquark hidden color components exist in ordinary nuclei. 4 The organization of this paper is as follows: In Section 2, antisymmetric four quark representations are constructed. In Section 3, the four quark evolution equation is expanded on this basis and solved. In Section 4, we relate the eigensolutions to an effective cluster representation and derive constraints on the nuclear potential between two clusters. In Section 5, we discuss the anomalous For the orbital representations, we use the index-power space which is constructed from the powers ni of the longitudinal momentum fractions x;.
The orbital representations for the e quark system are the polynomials IL x:1' with the orthonormalization condition, The color singlet state of the four-quark system in SU (2) Note that unlike the three quark system in QCD which has a unique antisym-metric color representation, the SU(2) c multiquark system has mixed color symmetry; i.e., several orthogonal representations.
The notation used in Eq. (2.3) can be repeated for isospin and spin. We denote these representations by 571 , 2'2, and 7'3 (Sr , Sz, and S3) for 2' = 0 (S = 0) with the substitution of (b, w) by (u,d) ((r, I)). Also we use the conjugate notation Tr, Fz, and T3 (31, ??z and 33) with the U-n sign instead of "+"
sign between the two terms in the respective representations for the (T, Tz) = (LO) ((S, Sz) = (v)) t t s a es. In this analysis, we consider the T = 0 case, the analogue to the actual deuteron system.
The results of the four-quark antisymmetric representations are summarized in Table I . For convenience, we present only effective representations which are sufficient to show the operation of the evolution kernel. In the Sz = 0 case, the SrTz and 31 Tz terms are presented for S = 0 and 1 representations, respectively.
In the 5'~ = 1 and 2 cases the (tffJ.)Tr and (rrrt)Z"r terms are presented, respectively.
Also, we denote in parentheses in Table I the spin-orbit Young diagrams for the cases in which several spin-orbit total symmetries are allowed from the inner product of spin and orbit representations.
EVOLUTION OF THE FOUR-QUARK SYSTEM
The distribution amplitude c$(x~, 
The Jn basis is given in Table I , as explained in the last section. The remaining task is to find the anomalous dimensions 7n which determine the short-distance behavior of the four-quark wave function by computing the matrix of the evolution kernel in this basis and diagonalizing it. Note that when a gluon is exchanged between the first and second quarks then the basis vectors (1 and 52 can be interchanged while $3 preserves itself. Thus the calculation of the color factors is not as simple as the three-quark QCD case and requires a complete matrix analysis.
The mixing between different spin and orbital multiplets is similar to the three-quark case. For example, the mixing matrix for the orbital power n = 2 has dimension 4 x 4 for the Sz = 1 case and dimension 6 x 6 for the Sz = 0. After diagonalizing the mixing matrices, we find the eigenvalues 7n and the eigensolutions Jn. The results are summarized in Table II .
TWO-CLUSTER DECOMPOSITION
In this chapter, we will connect the eigensolutions of the four-quark evolution equation to the physical two-cluster basis and derive constraints on the effective nuclear potential between the clusters. Using these steps, we can determine the relation between antisymmetrized fourquark antisymmetric representations and the effective two-cluster representations. For the 2' = S = 0 case, we obtain the transition table given in Table   III which relates the two kinds of representations. M. Harvey' has already obtained the analogous transformation matrices between the physical basis and the symmetry basis for six-quark systems. His definitions of the physical and symmetry bases are essentially the same as the two-cluster representations and the completely antisymmetric representations used here.
From Table III, where r= yE(Q2). W e will discuss the second hidden-color state +(c,-+ in the next section.
As seen from Eq. (4.3), each distribution amplitude has a distinct high Q2 behavior which depends on whether it is composed of colorless or colorful clusters.
The prototypes of the dibaryon system have a negligible coefficient for the most leading term at high Q2 and relatively large coefficients for the next-to-leading terms, whereas the hidden color state (CC), h as a large coefficient for the leading term.
One can imagine constructing a state at the scale Qo which only has the NN component of Eq. (4.3a) and then studying its evolution as Q increases.
The high Q2 behavior of 4(xi,Q) g' Ives the probability amplitude that all the quarks have impact separation less than l/Q. Thus the colorful clusters tend to coexist at short distances; i.e., the colorful clusters tend to attract each other and the colorless clusters tend to repel each other at short distances. Although these results are strictly only applicable in the limit of vanishing interparticle separation, they do provide rigorous constraints on the effective nuclear potential at short distances.
ANOMALOUS STATES
In the last section, we expanded the effective two-cluster representations in terms of the eigensolutions of the evolution equation and derived constraints on the effective nuclear potential at short distances. A state which at large distances corresponds to two colorless clusters (such as NN and AA) acts as if there is a short-distance repulsive potential between them. On the other hand, a state which consists of two colorful clusters at large distance ( (CC), ) sees an attractive potential at short distances. These results show that the leading contribution of QCD to the multiquark wavefunction at short distances has a behavior consistent with the repulsive core nucleon-nucleon potential of conventional nuclear physics.8 However, we also find that the theory predicts the existence of anomalous states which differ from the normal nuclear degree of freedoms.
As shown in Table III , if the total power n of orbital representation is zero, then only the completely symmetric orbital is possible. Thus, we can read Table   III vertically but not horizontally. Since this state cannot exist without including hidden color components with 50% probability,g we cannot interpret this state with normal nucleonic degrees of freedom. If such states exist in physical nuclei then they can provide non-additive nuclear phenomena, such as that observed in the EMC effect4 in deep inelastic lepton-nucleus structure functions.
The (CC), state in the orthonormal cluster basis also has anomalous prop- Since this state has negligible coefficients for the leading terms and very large coefficient for the strongly damped non-leading terms, the (CC), state acts as if there is a repulsive potential between two colorful clusters at short distances.
This behavior contrasts with the more conventional behavior of (CC), If such a nuclear state were quasi-stable it could have unusual interaction properties. Since it consists of separated triplets (octets in SU(3)c) the state has a large color-dipole moment, producing large hadronic cross sections and short mean free paths. It is amusing to speculate whether the states in QCD analogous to the (CC)2 cluster configurations have any connection with the anomalous phenomena apparently observed in heavy ion collisions.3p10
SUMMARY AND CONCLUSIONS
The results in this paper represent a first attempt to extract exact results for the composition and interactions of multiquark nuclear systems at short distances. For simplicity, we have analyzed four-quark bound states in SU(2)c, but we expect that many of the derived properties extend to six-quark states in QCD.ll In particular, since the leading eigensolution at high momentum transfer has 80% hidden color probability, ' we expect a transition of the ordinary nuclear state to non-nucleonic degrees of freedom as one evolves from long to short distances.
The set of eigensolutions of the evolution equation represent all the possible degrees of freedom of the multiquark bound state system since its kernel has the same invariances and symmetries of the full QCD Hamiltonian. We thus expect that the eigensolutions of the evolution kernel which are dominantly hidden-color to correspond to actual states and excitations of ordinary nuclei. A careful experimental search for these exotic resonances should be made. Possible channels where signals for such states may be observed include Compton and pion photoproduction on a deuteron target at large angles. 
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